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Encoding of Timing in the Brain Stem Minireview
Auditory Nuclei of Vertebrates
40 inputs through smaller, axosomatic terminals known
as end bulbs. While spherical bushy cells relay the ongo-
ing firing of their auditory nerve inputs, the convergence
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of more auditory nerve inputs gives globular bushy cellsMadison, Wisconsin 53706
a relatively stronger and better-timed response to tran-
sients. The convergence of input from several similarly
Fundamental functions of the vertebrate auditory sys-
tuned auditory nerve fibers cancels jitter in the timing
tem depend on the ability of neurons to encode timing.
of individual fibers and enhances the encoding of timing
The ability of human beings to resolve differences of 28
in the firing of bushy cells with respect to auditory nerve
in the location of sound sources in the horizontal plane
fibers. In nonmammalian vertebrates, auditory nerve fi-
depends on their ability to detect differences of 11 ms
bers innervate homologous neurons with similar caly-
in the time of arrival of sound at the two ears. The ability ceal endings. In birds, the adendritic homologs of spher-
to resolve differences in frequency of 1 Hz in tones in ical bushy cells are clustered in nucleus magnocellularis
the range of 1,000 Hz requires that differences of 1 ms
and resemble mammalian bushy cells in many details.
in the periodicity of sound waves be detected. Recent
Intracellular recordings from bushy cells in slices from
experiments show that vertebrates can resolve such mice and chicks show that synaptic responses are brief
small temporal increments because neurons in auditory and arise from a few converging inputs. As shocks to
pathways arespecialized to preserveand conveytiming. the auditory nerve are gradually increased in strength,
In mammals, auditory information is conveyed along synaptic responses grow in a few jumps, reflecting the
three parallel pathways through neurons in the brain recruitment of a small number of converging inputs from
stem whose biophysical properties permit the encoding the auditory nerve. Synaptic responses last between 2
of timing with a precision in the tens of microseconds and 4 ms at physiological temperatures, as illustrated
(Figure 1).The neurons in thesepathways share a combi- in Figure 3A. A consequence of the short duration is
nation of synaptic and biophysical specializations that that temporal summation can occur only over short
enable them to signal robustly and with little temporal times and the temporal firing patterns of auditory nerve
jitter. Specializations at consecutive stages in these inputs are preserved (reviewed by Oertel, 1991). Supra-
pathways allow timing information to ascend through threshold responses are similarly brief, as shown in the
the brain stem to neurons that project to the inferior responses to trains of shocks in Figure 3B. Excitatory
colliculi. These specializations are shared not only postsynaptic potentials (EPSPs) in bushy cells are brief
among nuclei within mammals but also among homolo- and show remarkably little depression when auditory
gous neurons in different vertebrate classes. nerve fibers are stimulated repeatedly at rates below
Hair cells capture timing information and convey it to 300 Hz, the maximum rate of firing of auditory nerve
spiral ganglion cells, neurons whose axons form the fibers in vivo. EPSPs with these characteristics provide
auditory nerve. The array of auditory nerve fibers termi- bushy cells with robust, well-timed synaptic drive at
nates topographically in the ventral cochlear nucleus physiological firing rates.
(VCN). Those fibers that encode low frequencies (Figure Synaptic currents in mammalian bushy cells and their
2, dark brown) terminate ventrally while those that en- nonmammalian homologs can be measured accurately
code high frequencies (Figure 2, light brown) terminate because they arise at the cell body. Their measurement
dorsally, imposing upon the VCN a tonotopic organiza- has provided insight not only into the role of these spe-
tion. In mammals, timing information is conveyed by cial synapses in hearing but also into synaptic transmis-
auditory nerve fibers to several groups of cells in the sion in the central nervous system generally. Shocks to
VCN, including the bushy and octopus cells (Figure 2). the auditory nerve evoke large and rapid currents through
Bushy Cells of the Ventral Cochlear Nucleus Relay unusually rapid, Ca21-permeable AMPA receptors and
the Timing of Firing of Small Groups of Auditory small, slower currents through NMDA receptors (re-
Nerve Fibers to the Medial Superior Olive viewed by Trussell, 1997). Single auditory nerve fibers
and to the Medial Nucleus activate conductances of between 40 (rats) and 211
of the Trapezoid Body (chicks) nS, corresponding to the activation of between
In the anterior VCN, the terminals of a few, tonotopically z2,000 and 10,000 AMPA receptors. The presence of
close auditory nerve fibers engulf the cell bodies of post- miniature spontaneous excitatory postsynaptic currents
synaptic bushy cells. These axosomatic, calyceal termi- (EPSCs) of variable amplitude indicates that transmis-
nals provide their bushy cell targets with narrowly tuned sion is quantal and that a small and variable number
acoustic input. As their name implies, bushy cells usually of postsynaptic receptors is available to a quantum of
have a single, highly branched dendrite on which synap- neurotransmitter (Zhang and Trussell, 1994; Isaacson
tic contacts are sparse. Bushy cells in mammals com- and Walmsley, 1995). These synaptic currents are rapid:
prise two subpopulations, the spherical and globular the rise of EPSCs from 10% to 90% at physiological
bushy cells, which have similar biophysical characteris- temperatures is in the range of z100 ms; the decay
tics but differ in their projections to other brain stem has a time constant shorter than 200 ms. The receptors
nuclei. Spherical bushy cells have 2±3 converging audi- desensitize rapidly in the continued presence of gluta-
tory nerve inputs through large calyceal terminals, mate. Desensitization determines the rate of decay of
the large EPSCs in bushy cells of chicks, raising thewhereas globular bushy cells receive between z5 and
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Figure 2. Auditory Nerve Fiber Innervation of the VCN
Figure 1. Pathways that Preserve and Convey Timing in Mammals Auditorynerve fibers innervate bushy and octopus cells in the ventral
cochlear nucleus (VCN) tonotopically. Those fibers that encodeSound is transduced in hair cells and transmitted to spiral ganglion
cells, whose axons form the auditory (VIIIth cranial) nerve. Auditory sounds of low frequency terminate ventrally (indicated in darker
brown) while those that encode higher frequency sounds (indicatednerve fibers end in large calyceal terminals, which engulf the cell
bodies of spherical bushy cells in the anteroventral cochlear nucleus with lighter brown) terminate more dorsally. Bushy cells lie intermin-
gled with other cells where the tonotopy is spread widely in the(AVCN), in smaller axosomatic end bulbs upon the globular bushy
cells in the AVCN and rostral posteroventral cochlear nucleus dorsoventral axis. Each receives axosomatic terminals from a small
number of fibers that encode a narrow range of frequencies. Octo-(PVCN), and with small boutons upon the cell bodies and dendrites
of octopus cells in the caudal PVCN. Spherical bushy cells project pus cells occupy a discrete area (yellow),where auditory nerve fibers
converge in a small bundle. Their dendrites are contacted by manyto the medial superior olive (MSO) both ipsilaterally (i) and contralat-
erally (c). Globular bushy cells contact the principal cells of the fibers that encode a wide range of frequencies. The border between
ventral and dorsal cochlear nuclei is marked by a layer of granulecontralateral medial nucleus of the trapezoid body (cMNTB) through
the large calyces of Held. Octopus cells contact neurons in the cells (blue).
contralateral ventral nucleus of the lateral lemniscus (cVNLL)
through calyceal endings. All of these pathways converge in the
the resting potential and thus to the input resistanceinferior colliculi.
and to the temporal acuity of bushy cells.
The signaling of a bushy cell ultimately depends onquestion of to what extent the clearance of neurotrans-
the activation of voltage-sensitive Na1 channels thatmitter affects ongoing signaling. A tail of current through
initiate the propagation of action potentials along theAMPA receptors reveals the lingering of neurotransmit-
axon by the electrotonic spread of EPSPs to the axonter under the large presynaptic surface after a shock
hillock. The low-threshold K1 conductance makes(Otis et al., 1996). In mammals, tails of current are less
bushy cells more sensitive to rapidly rising than to slowlyprominent and synaptic depression is weaker than in
rising excitation. EPSPs often elicit action potentials onchicks, perhaps because clearance of neurotransmitter
the rising phase of the EPSP without obvious inflections,is more efficient in the more fenestrated calyceal audi-
indicating that the peaks of suprathreshold EPSPs risetory nerve terminals of mammals.
well above the threshold of action potentials. A conse-Bushy cells in mammals and birds have low input
quence of signaling onthe rising phase of large EPSPs isresistances in the physiological voltage range. One con-
that synaptic transmission contributesminimal temporaltributor to the low input resistance was found by Manis
jitter to signaling. The action potentials recorded at theand Marx to be a 4-aminopyridine- (4AP-) sensitive K1
cell bodies of bushy cells are not always overshooting,conductance that is strongly and quickly activated by
suggesting that they are attenuated as they spread ret-depolarization from the resting potential. This conduc-
rogradely from the axon to the cell body.tance causes symmetrical depolarizing and hyperpolar-
Spherical bushy cells carry timing information to theizing current pulses to evoke asymmetrical voltage
medial superior olivary nuclei (MSO), which comparechanges and prevents repetitive firing. It causes voltage
the time of arrival of sounds at the two ears. Axons ofchanges by current pulses to be smaller and more rapid
spherical bushy cells innervate the MSO both ipsilater-in the depolarizing than in the hyperpolarizing voltage
ally and contralaterally through dense clusters of bou-range (Figures 3C and 3D; reviewed by Oertel, 1991;
tons. While conduction times to all terminals on theTrussell, 1997). This K1 conductance allows synaptic
ipsilateral MSO are roughly equal, conduction times arecurrents to produce rapid voltage changes. Responses
systematically shorter to the anterior than to the poste-to current pulses also reveal the presence of a conduc-
rior of the contralateral MSO (Smith et al., 1993). Thetance that is activated by hyperpolarization, an inward
position in the MSO where the contralateral and ipsilat-rectifier that draws the membrane potential back toward
eral inputs converge thus measures the relative timingrest and causes a slow sag in responses to hyperpolar-
of inputs to the two ears and signals the location of aization. The interplay between the low-threshold K1 con-
ductance and the inward rectifier contributes to setting sound source in the horizontal plane. P. H. Smith has
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Figure 3. Sample Recordings from Bushy
and Octopus Cells
(A) Response to a shock shows that individual
synaptic responses are brief. Shocks are indi-
cated by a bar beneath the trace.
(B) Shocks repeated at 300 Hz evoke robust,
well-timed responses.
(C) Responses to symmetrical pulses of de-
polarizing and hyperpolarizing current are
asymmetrical, reflecting the activation of a
low threshold K1 conductance. The activa-
tion of that conductance makes responses to
depolarization smaller and faster than those
to hyperpolarization and prevents bushy and
octopus cells from firing repetitively when de-
polarized. The voltage sags back toward rest
during hyperpolarization, revealing the pres-
ence of a conductance that is activated by
hyperpolarization. Note the difference in the
amplitude of current pulses used to polarize
the bushy and octopus cells.
(D) Plots of voltagechange atthe steady state
(solid lines) as a function of injected current
are nearly flat in the depolarizing voltage
range where input resistances are low. Peak
hyperpolarizations are plotted with broken
lines, while levels at the end of the 50 ms
pulses are shown with solid lines. Note the
difference in current scales. Recordings of
synaptic responses in both bushy and octopus cells and responses to current pulses in bushy cells were made with sharp microelectrodes;
responses to current pulses in octopus cells were recorded with a patch electrode. M. Ferragamo made substantial contributions to this
figure.
recorded intracellularly from the principal cells of the Octopus Cells of the Cochlear Nuclei Relay the Timing
of the Synchronous Firing of Large GroupsMSO in slices from rats and has shown that these neu-
rons resemble bushy cells electrophysiologically. Reyes of Auditory Nerve Fibers to the Ventral
Nucleus of the Lateral Lemniscusand colleagues (1996) have shown that in the avian ho-
molog of the MSO, nucleus laminaris, the pattern is the Octopus cells spread their dendrites perpendicularly
across the paths of auditory nerve fibers where the tono-same.
Globular bushy cells terminate in the medial nucleus topic array of fibers is closely bundled. In mice, they are
contacted on the cell body and along the dendrites byof the trapezoid body (MNTB) with exceptionally large
somatic calyceal endings. Cells of the MNTB receive small boutons from between 100 and 200 auditory nerve
fibers, each of which makes only a small contributioninput from a globular bushy cell through a single calyx
of Held. As part of a circuit that is thought to encode to the total excitation. In requiring the summation of
many inputs to provoke firing, octopus cells signal theinteraural intensity, cells of the MNTB relay timing infor-
mation from globular bushy cells to the lateral superior synchronous firing within the group of its auditory nerve
inputs. Octopus cells respond sensitively to transientolive as inhibition.
MNTB cells also resemble bushy cells. Activation of and periodic sounds. They are ideally suited to encode
the periodicity that determines voicing and pitch inthe globular bushy cell axon with shocks evokes synap-
tic responses largely through AMPA receptors in MNTB speech and music. Octopus cells have been described
in all mammalian species studied, including primates,cells (Banks and Smith, 1992; Borst et al., 1995). The
underlying conductance is large (30±160 nS), and re- but have not been found in nonmammalian species.
Intracellular recordings from octopus cells in slicessponses are robust even when driven repetitively at high
rates (Forsythe and Barnes-Davies, 1993). A 4AP-sensi- from mice reveal that they are even more extreme than
bushy cells in the brevity of synaptic responses, in theirtive, low-threshold K1 conductance and a Cs1-sensitive,
inwardly rectifying, mixed cation conductance (Ih), which low input resistances, and in the rapidity of voltage
changes (Golding et al., 1995). EPSPs in responses toreverses at 243 mV, shape responses to synaptic cur-
rent (Banks and Smith, 1992; Forsythe and Barnes- shocks to the auditory nerve are between 1 and 2 ms
in duration (Figure 3A). Repeated stimulation at the max-Davies, 1993).
The extraordinary size of the calyx that provides input imal firing rate of auditory nerve fibers produces consis-
tent, well-timed responses (Figure 3B). The contributionto an electrically compact postsynaptic MNTB cell has
been used by Forsythe, Sakmann, and their colleagues of individual auditory nerve inputs to intracellularly mea-
sured synaptic potentials is so small that the recruitmentto study synaptic transmission in the mammalian central
nervous system. While thecurrents in calyces are excep- of individual fibers with increasing shock strength can-
not be resolved as a jump in response amplitude. Thetionally large, the biophysical properties of these caly-
ceal terminals are not otherwise unusual (Borst et al., simultaneous activation of at least one-tenth of their
auditory nerve fiber inputs is required to evoke action1995).
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potentials in octopus cells. In suprathreshold responses, Neurosci., abstract) indicates that neurons in the VNLL
respond to current pulses with the same pattern thatthe jitter in the timing of firing of individual fibers is small;
the latency in the peaks of synaptic responses to shocks characterizes other neurons that encode timing. The
population of neurons that receives these endings ishas a standard deviation of only z20 ms.
Octopus cells have input resistances too low and time particularly prominent in humans.
Summaryconstants too short to be measured with sharp micro-
electrodes (Golding et al., 1995). Figure 3C shows re- Neurons that convey timing of acoustic information in
the brain stem of vertebrates have a consistent patternsponses to current pulses recorded from an octopus cell
with a patch electrode in thewhole-cell configuration. Its of anatomical and biophysical specializations. Large
synaptic currents produce rapid voltage changes in neu-input resistance was ,5 MV, and its time constant was
,0.3 ms. At the beginning of the strong depolarizing rons with low input resistances in the physiological volt-
age range. In some cells, large synaptic currents areand at the end of the strong hyperpolarizing pulse, the
cell fired single, small action potentials. Responses to activated through calyceal terminals, while in others,
large synaptic currents are activated by the synchro-symmetrical depolarizing and hyperpolarizing current
pulses are asymmetrical, revealing the presence of volt- nous firing of many inputs through small terminals. Neu-
rotransmitter acts mainly through glutamatergic recep-age-sensitive conductances (Figures 3C and 3D). In
these cells, too, the actions of 4AP, tetraethyl ammo- tors of the AMPA subtype, whose kinetics are more
rapid than in nonauditory neurons.nium (TEA), and intracellular Cs1 indicate that K1 con-
ductances play a role in lowering the input resistance Two interacting voltage-sensitive conductances are
of critical functional importance in these cells. Both arein the depolarizing voltage range and in preventing re-
petitive firing. Inward rectifiers are also prominent in activated by small voltage changes away from rest. A
mixed cation conductance, Ih, is activated by hyperpo-octopus cells because their block with extracellular Cs1
increases the input resistance of octopus cells z20- larization. A low-threshold K1 conductance is activated
by depolarization. These conductances make synapticfold. In thecell bodies of octopus cells, where recordings
are generally made, action potentials of 5±15 mV ride potentials rapid, make firing sensitive to the rate of rise
of synaptic excitation, and prevent repetitive firing.on synaptic potentials that can rise 40 or 50 mV from
rest, indicating that action potentials arise at a distance Timing information is essential for localizing sound
sources and for interpreting the temporal patterns ofand are attenuated as they spread retrogradely from the
axon to the soma. natural sounds. How timing information is fed through
these pathways has already provided insight into howHow can it be that octopus cells monitor synchronous
activity in populations of auditory nerve fibers when the sounds are localized by vertebrates, but much less is
known about how these pathways contribute to the in-activation of auditory nerve fibers is, by nature, asyn-
chronous? Sounds such as clicks initiate a traveling terpretation of environmental sounds, including speech.
Therein lies the exciting future of this work.wave, which activates the basilar membrane near the
stapes footplatewhere high frequency sounds are trans-
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